This study consists of two parts, in which both experimental and numerical studies on externally prestressed concrete beams were investigated. In Part I, three identical beams of Tshaped section prestressed with external tendons have been tested to failure to investigate the effects of geometry of the applied load on flexural behavior of externally prestressed concrete beams. The tendon slip at deviators was also monitored in order to examine the evolution of stress in the external tendons. Test results were presented with emphasis on the effects of geometry of applied load and tendon slip at deviators.
INTRODUCTION
Recently, external prestressing is commonly used for construction of new bridges because of its ease and cost saving. However, as the external tendons have no bond with concrete, the deformation of the external tendons is totally different from the deformation in concrete at the tendons level, i.e., the conventional compatibility of deformation between the prestressing tendons and concrete for beams with bonded tendons cannot be directly used to evaluate the stress in the external tendons. Therefore, it is rather difficult to determine the stress in the external tendons under the applied load since it depends on many parameters. Indeed, the stress increase in the external tendons under the applied load, unlike bonded tendons, is member-dependent instead of section-dependent. Thus the stress in the external tendons depends on the deformation of the entire member, and is uniform within the tendon segment between the deviator points, Further more, the stress increase in the external tendons might be likely the same over t he entire its length, or be various between the tendon segments since it depends on the extent of frictional resistance at the deviators. Depending on both the loading condition and the extent of frictional resistance, the external tendons can experience three stages of slippage at the deviator points: 1) free slip (free movement); 2) slip with friction; and 3) perfectly fixed (no movement) . Therefore, the frictional resistance will have influence in the variation of tendons stress, deflection, as well as the ult imate strength of beams.
Although a large number of studies on the behavior of externally prestressed concrete beams were carried out in the past, most of them did , however, not consider the slip at t he deviators. In the experimental study [1 -6] , there were extremely limited research works, which had been examined the slip at deviators, so that very few information on the slip at deviators could be found in the available literature. On the other hand, in t he numerical analysis there are also limited studies [7 -12] , which were carried out on the slip phenomenon at the deviators since the slippage is often complicated problem, especially for the member-analysis of beams prestressed with external tendons . For the purpose of more understanding, an experimental study with emphasis of the effects of loading arrangement and the tendon slip at deviators on the behavior of externally prestressed concrete beams was performed in Part I of this study. To clearly understand the slip phenomenon at deviators in beams prestressed with external tendons, a computing method for the tendon slip t hat has been also proposed, will be presented in P art II of this study. The experimental results were discussed, wit h emphasis on the influence of loading arrangement and slip phenomenon at deviators.
LAYOUT OF EXPERIMENTS

Test specimen and variables
Three identical beams with T-shaped section were monolithically cast and tested at Department of Civil Engineering, Tokyo Inst it ute of Technology, J apan in 2004 in order to investigate t he effects of the geometry of t he applied load, t he slip phenomenon at deviators on flexural behavior of beams prestressed with external tendons and the stress in the external tendons at ult imate. The test beams have t he clear span of 3.0 m and two deviators located symmetrically from t he midspan at distance of 1.5 m from each other. In all beams, the internal longitudinal reinforcements consisted of two deformed bars of D16 at the bottom and four deformed bars of D6 at the top, with the yielding strength of 365 and 307 MP a, respectively. The beams were reinforced with D6 stirrup at interval of 100 mm in the main part of a beam, and at 50 mm in t he supported regions. The design cylinder strength of the concrete was 55 MPa at 28 days. Beams were prestressed by two 7-wire strands of SWPR7B 015 .2 type at the same day of loading test. At the prestressing stage, all tendons were stretched from one end by using two hydraulic jacks at the loading level of approximately 50% of the ultimate strength of tendon. To reduce t he fri ctional effects, the places on the deviators where the external tendons attached to the concrete beams, have an arched shape with the smooth surfaces. In addition, the Teflon sheets were inserted in between the tendons and deviators. The layout of test beams is shown in Fig. 1 , and the test variables are summarized in Table 1. 2.2. Test procedure and measurements E ach beam was instrumented to measure deflection, concrete strain and bonded steel strain , strain in the external tendons, tendon slip at deviators and crack widths. All strains were measured by using electric resistance strain gages attached to the surface of steel and concrete at desired locations. For the purpose of investigation of the plastic region lengt h, strain gages were attached to t he concrete surface at the top fibers at desired points along t he beam. Strain gages were also attached to the tensile reinforcements in t he constant moment region before casting of concrete at interval of 50 mm far from each other. To get reliable measurement for the tendon strain during the test, all tendons were monitored. Load cells were placed at the anchorage ends of each tendon to measure the tensile forces in t he tendons. In addition, three strain gages were placed on three of seven wires of each tendon segment in order to examine the evolution of the strain in the external tendons. The strain of t he tendon segment was taken as an average of t hree strain gages . For the measurement of crack width, Jr-shaped gages were fixed at several locations near by the midspan region, where the flexural cracks were expected. For the purpose of investigation of the slip at deviators, extensometers were fixed at each deviator in order to measure the amount of slip during the test. Displacement transducers were placed at the midspan and deviator points to measure the vertical displacement of the beam.
Each beam was simply supported and was loaded monotonically to failure. The plastic region length was investigated by changing the distance between the loading points, from zero for Beam Sl (Ld=O) to third-point loading for Beam S3 (Ld=l.0 m) . During the loading, all measurements, such as beam deflection, concrete and steel strains, strain in the external tendons, tendon slip at deviators and crack width were automatically recorded to the data logger. Crack formation, crack spacing and crack growth were also monitored closely by means of visual observations. All cracks that developed during the loading were observed and marked in details.
.fl. Table 2 summarizes t he main results from the test of three beams, while Fig. 2 shows the load-deflection and the load-increase of tendon stress relationships. It is observed from Fig. 2 that during loading history, the relation between load and deflection of all beams showed three distinct stages of behavior, namely un-cracked elastic, cracked elastic and plastic, as schematically shown in Fig. 3 . The transition from one stage to others was characterized by changing the slope of the curve. The first stage was ended whenever the applied moment was higher than the cracking moment of the beam. In the first stage, the deflection and the stress increase in the tendons was extremely small. Yielding of nonprestressed reinforcements ended the second stage, in which the deflection and the stress increment in the tendons increased, considerably. The third stage was characterized by the significant increase in the beam deflection, as well as the stress in the external tendons with the slight increase in the applied load. Although the beam deflection and the strain in the external tendons increased from the beginning of loading test, the major part of beam deflection and tendon strain, however, were developed mainly in the third stage. The end of third stage was characterized by crushing of concrete at the compressive face, i.e. the concrete reached its limit. showed the slip at the right deviator. Note: Values of beam deflection, stress increase, tendon slip, concrete strain, and tendon depth are taken at the peak load. Increase of tendon stress, MPa b) Load-increase of tendon stress
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Fig . 1. Layout of test beam
. DISCUSSION OF TEST RESULTS
Beam deflectio n and tendon stress
Fig. 2. Test results of all beams
It is also indicated in Fig. 2 that the stress increase in tendons is mainly due to the deflection of the beam since the external tendons are attached only to the beam at the anchorages and the deviator points. Therefore, the curve of load-stress increase is very similar to the load-deflection curve through the whole loading range. Before cracking, the stress increase in external tendons showed only slight increase with increasing load. However, after cracking the stress increase tended to increase significantly with the applied load. The rate of stress increase was higher when the applied load passed the yielding limit of non-prestressed reinforcements. Beam Sl with one-point loading at the midspan exhibited the minimum load carrying capacity (148 .2 kN), while Beam S3 with thirdpoint loading exhibited the maximum load (230.1 kN). Although Beam 82 subjected to two-point loading with distance of 0.5m exhibited the load carrying capacity higher than that of Beam Sl (1.13 times), however the ultimate deflection and the increase of tendon stress was not significantly different. This is because the ratio of loading span to span length was considerably small (Ld/ L=l / 6) so that it did not make so much difference compared with Beam Sl. Even though the stress increase in tendons of Beam 83 was greatly achieved due to very large deflection, the tendons in Beam S3 did not yield at ultimate, and was far from the yielding strength of the tendons (/py=l695 MPa) .
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For the case of study, the change of loading span from zero (a single concentrated load at the midspan) to one-third span length (third-point loading) leaded to the increase in the load carrying capacity of beam of about 553 and in the stress increase in the external tendons of about 903. The stresses in the external tendons at ultimate still remained in the elastic range, and were far from the yielding strength of prestressing tendons for all beams. In general, for the case of study the stress in the external tendons at ultimate increased as the loading span increased. As compared with Beam Sl, the stress increases in the external tendons in Beams S2 and 83 were about 123 and 903 higher as the loading span changed from zero for Beam Sl to Ld=0.5 m for Beam S2 and Ld=l.0 m for Beam 83, respectively. The stress in the external tendons of all beams at ultimate varied greatly, from a maximum of 537.6 MPa for Beam 83, down to a minimum of 282.9 MPa for Beam Sl.
Strain distribution and crack pattern
The strain distribution of concrete in the extreme compression face at the various loading stage up to failure was presented in Fig. 4 . For all beams, the strain distribution of concrete was fairly uniform until the cracking load. After cracking, only compressive strain in concrete at or near by the midspan region increased considerably, especially after the non-prestressed reinforcements had been yielded. At ultimate, the compressive strain in concrete for the beam with a single concentrated loading point was larger than that of beams with two-point loading (see Table 2 ).
The crack distribution of Beams Sl and S2 was presented in Fig. 5 . It can be observed that almost cracks concentrated mainly inside the flexural span, then spread over the region between deviator points as the applied load increased. All cracks in the flexural span were almost vertical, while those in the shear span were inclined due to the effect of shear stress. Most of severe cracks occurred at or near by the midspan region, and opened wider as the applied load increased until the ultimate stage. Figure 6 showed t he strain distribution of non-prestressed reinforcements at the tensile face . It can be seen that the strain of non-prestressed reinforcements was rather uniform within the zone of constant moment before the yielding load . However, after the yielding load had been passed, cracks at or near by the midspan increased significantly in both length and width . Because of widening of cracks, non-prestressed bonded reinforcements at t he crack location were stretched . This resulted by the accelerated increase of tensile strain of non-prestressed reinforcements at the crack locations. It can be clearly seen that the wider crack width is the greater tensile strain of non-prestressed reinforcements at that crack location becomes regardless of t he crack location (see also Table 2 ) . Further more, as t he cracks increased in width and length wit h t he increase in t he applied load, t he concentration of compressive strain above t hese cracks was also significantly increased. At ult imate, only few cracks at t he midspan opened widely and moved forward to the top fl ange as shown in Fig. 5 .
Beam S1 -Ir-95%P 11
·~
-v-P, 
Plastic region length
It is experimentally shown that the stress increase in t he external tendons depends on the geometry of the applied load, i.e., it depends on the plastic region length that developed in the beams at failure. However, it is extremely difficult to determine "an exact length" of plastic region in the beams at fai lure. Therefore, it was decided in this study that t he plastic region length could be determined from t he strain distribut ion in concret e at the top fibers as shown in Fig. 4 . Under the applied load, beams experienced both t he elastic and plastic regions. The plastic stage is defined whenever the tensile reinforcements have passed its yielding limit , as mentioned previously. In the other words, t he plastic region spreads over the beam length at the level of concrete strain where non-prestressed reinforcements had passed the yielding limit. Therefore, from t he strain distribution of concrete in F ig. 4, t he plastic region length can be robustly determined, and results were shown in Table 2 . It is observed from this table that the stress increase in the external tendons is in direct proportion to the increase in the length of plastic region that developed in the beams at failure. This agreed well wit h the findings in the previous studies [13] . Figure 7 presented the relationships of load-tendon slip at the right deviators for all beams. It can be observed that the tendons began to slip, as the applied load reached approximately 50 -603 of ultimate load. The load-tendon slip relationships showed somehow similar to the load-increase of tendon stress curves, i.e., the tendon slip exhibited small increase before yielding of non-prestressed reinforcements, and showed the significant increase with slight increase of the applied load after the yielding strength of non-prestressed reinforcements had been passed. The results from the experimental observation for the tendon slip were also given in Table 2 . It is indicated that the tendon slip at ultimate varied with values between 1.36 mm for Beam 81 and 4.06 mm for Beam 83. Although all beams have symmetrical arrangement of deviators from the midspan and were subjected t o the symmetrical loading condition, however, the amount of tendon slip at both left and right deviators ofeach beam was found to be different as shown in Beam 82, Fig. 8 . However, the tendon slip at deviators increases in the same tendency with the increase in t he applied load. ;--o-Le~ de~ator · · · · · · · · · · · · · · · · ~ · ~;Qhfde~aiOi · Beain S2 r ' ... d,
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Tendon sli p, mm Fig. 8 . Tendon slip of Beam 82 Figure 9 showed the evolution of stress increase of each tendon segment of Beam 82. It is observed from this figure that the development of stress in each tendon segment under t he applied load is always different , although the difference in the stress growth seems to be small at the ultimate stage. The difference in development of the tendon stress of each segment was attributed to the frictional resistance, which exists normally at deviators to prevent the strain redistribution between the tendon segments. However, when slip occurred at deviators, the tendon stress was transferred continuously from tendon segment with larger stress to tendon segment with lesser stress through the slippage. Due to the slippage, the frictional resistance at deviators was reduced significantly, as the applied load was close to the ultimate load. As a consequence, the external tendons slip freely on deviators, resulting the external tendons to have approximately the same stress in all tendon segments at ultimate, as shown evidently in Fig. 9 .
Calculation of Loading-Induced Tendon Slip in .. . Figure 10 presented the relationship between the stress increase in the external tendons and the tendon slip at the right deviators for all beams. It can be seen clearly that the stress increase in the external tendons due to the applied load is in a linear proportion with the tendon slip at deviators for all beams. In all cases in this study, the tendon slip did not occur when the stress increase in the external tendons is slightly less than a value of 50 MPa. Further, the increasing rate of the tendon stress increment against the slip at deviators in Beams S2 and S3 with two-point loading is slightly higher than those of Beam Sl with one-point loading. In addition, the relationship between the stress increase in the external tendons and the tendon slip at deviators exhibited essentially similar to the curve of the beam deflection-tendon slip relationship as shown in Fig. 11 . It is clearly shown that the stress increase in the external tendons due to the applied load has a close relationship not only with the beam deflection, but also with the tendon slip at deviators.
Failure mode
The failure of all beams started by yielding of non-prestressed reinforcements and ended by concrete crushing. After the yielding of non-prestressed reinforcements, the midspan deflection of beams increased very fast with the slight increase in the applied load. Several flexural cracks formed in the zone of constant moment, but only few cracks near the midspan increased significantly in both width and length as the applied load increased. Only t he midspan portion or near by it became locally critical zone due to highly concentrated compression strain on the top flange . Before failure occurred, considerable deflection and wide cracks were observed, giving t he ample warming of the impending failure. At the moment of failure, the explosive sound appeared and the beam collapsed suddenly by concrete crushing on the compression face. At the same time several pieces of concrete had fell down from one side of the top flange. As a result of falling down of concrete from the top fl ange, the longitudinal reinforcements in the top flange were exposed with large bucking. This resulted due to the large amount of the prestressing force, which still remained in the external tendons at the failure stage. In addition, a large-width crack was formed in the top flange in the area of concrete crushing. This crack was formed in very high compressive strain in concrete concentrated at the top fl ange of the midspan region at the failure stage. The failure mechanism of all beams can be explained that as the crack width increased progressively and substantially, the location of neutral axis moved toward the compressive face, simultaneously the compressive strain of concrete reached to its ultimate limit and failed in crushing of concrete. Figure 12 showed total collapse of Beam S3 at failure. 
CONCLUSIONS
This study performed the experimental investigation on the behavior of externally prestressed concrete beams with considering t he effects of geometry of t he applied load and t he slip phenomenon at deviators. The following aspects concerning t he behavior of externally prestressed concrete beams can be noted:
1. The load carrying capacity and the stress in the external tendons depends strongly on t he geometry of the applied load. In general, the increase of loading span leads to the increase in the stress of the external t endons. In in the other words, t he stress increase in the external tendons beyond t he effective prestress depends mainly on the plastic region length that is expected to develop in the beams at failure.
2. The evolut ion of tendon stress in all tendon segments is always different because the frictional resistance exists nat urally at the contacted points with concrete. The difference in t he stress development in all tendon segments under the applied load will diminish as tendons begin to slip due to the redistribut ion of the tendon stress t hrough the slippage.
3. The tendon slip increases dramatically when the applied load reached closely to the ultimate load. As a consequence, the tendon stress might be fairly uniform in all tendon segments at ulti mate.
